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Abstract—The mechanisms of cyclic fatigue-crack propagation in a grain-bridging ceramic, namely an in
situ toughened, monolithic silicon carbide, is examined. The primary goal is to directly quantify the brid-
ging stresses as a function of cyclic loading. To investigate the effect of the number of loading cycles on
the strength of the wake bridging zone, crack-opening profiles of cracks grown at high velocity near the K.
instability (to simulate behavior on the R-curve) and at low velocity near the fatigue threshold (to simulate
the cyclically-loaded crack) were measured in situ in the scanning electron microscope at a fixed applied
stress intensity. Differences between the measured profiles and those computed for elastic traction-free
cracks permit the estimation of the traction distributions. These are then used to simulate resistance curve
and fatigue-crack growth rate date. Predictions arc found to be in close agreement with experimental
measurements on disc-shaped compact-tension specimens. The results provide direct, quantitative evidence
that bridging tractions are indeed progressively diminished due to cyclic loading during fatigue-crack

propagation in a grain-bridging ceramic. & /998 Acta Metallurgica Inc.

1. INTRODUCTION

It is now well known that the principal source of
toughening during resistance—curve (R-curve) beha-
vior in non-transforming monolithic ceramics de-
rives from crack-wake phenomena, in particular
from a zone of bridging grains behind the crack tip
which screen it from the applied loads (crack-tip
shielding) [1-3). Specifically, where fracture is inter-
granular, the elastic and frictional tractions gener-
ated via the contact of opposing crack faces act to
reduce the local driving force in the immediate
vicinity of the crack tip. Indeed. various attempts
have been made to quantify the magnitude and dis-
tribution of bridging tractions acting across the
faces of cracks growing under monotonic loads in
order to understand the mechanics of R-curve
toughening and how it relates to local microstruc-
ture. For example, sawcut techniques have been
employed in which the specimen compliance is
monitored as the crack-wake bridging zone is
sequentially eliminated with a sharp diamond
saw [6,7]; this permits not only the magnitude of
bridging tractions to be determined, but also their
distribution. Another approach involves slicing indi-
vidual sections out of the crack wake and using these

tWork supported by the Director, Office of Energy
Research, Office of Basic Energy Sciences, Materials
Sciences Division of the U.S. Department of Energy
under Contract No. DE-AC03-76SF00098.

“post fracture tensile specimens” for subsequent ten-
sile testing [8, 9]. Although both techniques yield use-
ful information on the extent of bridging, they are
clearly destructive to the specimen.

Corresponding non-destructive techniques have
also been employed to determine bridging distrubu-
tions. One method, for example, uses regression
analyses to fit traction distribution functions
characteristic of frictional grain pullout to the
measured R-curve [4,10-12]. Another non-destruc-
tive approach involves the measurement of crack
opening profiles under an applied load, which are
then compared to elastic solutions for traction-free
cracks. When bridging tractions exist, the measured
openings are significantly smaller than predicted
(Fig. 1), and this discrepancy can then be used to
calculate the traction stresses. This technique, for
example, has been employed for monotonically
loaded cracks in  monolithic [I13-15] and
reinforced [16, 17] aluminas.

Under repetitive loading, it is now known that
cyclic fatigue crack advance in most grain-bridging
ceramics is motivated by a cycle-dependent suppres-
sion of such bridging [18-23], generally involving
frictional wear processes along active bridging sites.
Although a complete mechanistic understanding of
cyclic fatigue at ambient temperatures is still lack-
ing, it is clear that such degradation is fundamen-
tally distinct from the mechanisms associated with
metal fatigue. Whereas in metallic systems cyclic
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fatigue mechanisms are associated with infrinsic
damage ahead of the crack tip, the basis for cyclic
fatigue-crack growth in ceramics is considered to be
extrinsic damage behind the crack tip via cycle
dependent, progressive suppression of crack-tip
shielding. The mechanism of crack advance at or
ahead of the tip is assumed to be largely unchanged
from that under static loading. For example, recent
modeling [18, 21] has shown that in ceramics tough-
ened by grain-bridging mechanisms, such as hot-
pressed SisNy and Al,0, repetitive sliding wear of
the frictional grain bridges under cyclic loading can
result in reduced frictional pullout stresses, which
markedly reduces the toughening capacity and
locally enhances crack-tip driving forces under cyc-
lic loads. Similar mechanisms have been analyzed
for composite microstructures which derive their
toughness from frictional bridging by partially
bonded whiskers or fibers [24].

Accordingly, the principal goal of the present
study is to quantify directly the magnitude and dis-
tribution of bridging tractions during subcritical
crack growth under both static and in particular
cyclic loads in a well characterized grain-bridging
ceramic, specifically a  high-toughness silicon
carbide [25, 26], employing the crack-opening profile
technique described above. In situ measurements for
near-static loading are used to predict the R-curve,
and corresponding measurements for cyclic loads
are used to quantify the decay in bridging during
fatigue-crack growth. Such results in turn are used
to simulate fatigue crack-growth rate data.

2. EXPERIMENTAL PROCEDURES

2.1. Materials

Studies were performed on an in situ toughened sili-
con carbide, termed ABC-SiC. The ceramic was pre-
pared by hot pressing submicron f-SiC powder,
mixed with 3 wt% Al, 0.6 wt% B, and 4 wt% Apiezon
wax (converted to ~2wt% C upon pyrolysis), at
1900°C for 1 h at 50 MPa under flowing argon, as
described elsewhere [25]. The resulting microstructure
consists of a three-dimensional interlocking network
of highly elongated and plate-like primarily z-phase
(4H) grains, typically 55+24um long by
0.7 + 0.2 pm wide surrounded by ~1 nm thick amor-
phous Al-containing grain-boundary phase. This
microstructure has excellent ambient-temperature
strength (four-point bend strength of 650 + 40 MPa)
and toughness properties. The toughness results from
extensive crack bridging by the plate-like grains to

+e Several attempts were made to grow a crack in the
ABC-SiC under purely static loading: however, the spe-
cimen failed catastrophically each time.

1At 2x 107" m/eycle (Case I) it took roughly !h to
grow 2 mm. whereas at 1 x 107" mjcycle (Case II) it
took just over 9 days.
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yield an R-curve rising from a (long-crack) initiation
toughness of Ky~5.5 MPa,/m to a steady-state value
of K~9.1 MPa/m after ~600 um of stable crack
extension [26]. Further details on the microstructure
and  properties of ABC-SiC  are given
elsewhere [25, 26].

2.2. Profile measurements

Cyclic-fatigue cracks were grown in the ABC-SiC
in a room air environment at 25°C using disc-
shaped compact tension DC(T) specimens (with
thickness B = 3.30 mm, and width W = 28.6 mm
and an initial notch length of 0.3W). To maintain a
constant crack-growth rate, da/dN, cracks were
grown on a computer-controlled servo-hydraulic
testing machine under stress-intensity, K, control at
a frequency of 25 Hz (sine wave) with a load ratio
(ratio of minimum to maximum stress intensities,
R = Kmin/Kmax) of 0.1. Procedures generally met
with those outlined in the ASTM fatigue-crack
growth standard E647.

Two conditions were chosen to distinguish the
relative effects of cyclic loading on the magnitude
of bridging tractions:

e Case I: da/ AN was maintained at a near-instabil-
ity value of ~2x 107 mjeycle, with K. =84
MPa,/m, ie. at ~92% K., to simulate behavior
on the R-curve.t

e Case II: da/dN was maintained at a near-
threshold value of ~1x 107" m/cycle, with
Knax=6.8 MPa/m, i.e. at ~75% K, to simulate
the cyclically-loaded crack.

In each case, the fatigue cracks were grown at least
2 mm at the rates given above prior to date collec-
tion.} final crack lengths (when the opening profile
was measured) were 21.1mm for Case I and
18.1 mm for Case Il. The bridging zone in Case 11,
were the crack was grown at near-threshold levels,
experienced many orders of magnitude more load-
ing cycles. Therefore, the intent of the comparison
was to discern whether the bridging tractions in
Case Il would be degraded relative to Case I, as
one would expect from the notion of fatigue-crack
advance being motivated by a cycle-dependent sup-
pression of shielding.

Following pre-cracking, the specimens were
loaded to an applied stress intensity of Kj=6.22
MPa,/m on an in situ loading stage inside the
chamber of a scanning electron microscope (SEM).
Crack-opening profiles were then measured over
evenly spaced distances behind the crack tip; typi-
cally this spacing was between ~15 and 20 ym. The
opening at each location was measured to a resol-
ution of better than ~20 nm. A total of approxi-
mately 100 data points were taken for each case,
spanning a region of crack wake of ~1.5mm in
length. In view of the highly tortuous nature of the
crack path and the large amount of scatter, the
number of data points was kept large in an effort to
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grain bridging

Fig. 1. Schematic of the crack-opening profile for a trac-
tion-free crack as given by equation (1) (dashed line), and
a bridged crack as given by Barenblatt’s solution in
equation (2)(solid line). Total opening is given by 2u, dis-
tance behind the crack tip by X, crack length by ¢, and
¢ =ua—X. The bridging zone traction distribution is
denoted by p(X). which acts over the bridging zone length,
L, and a schematic of grain bridging is shown in the inset.

obtain a statistically relevant sampling of the crack-
opening profile.

2.3. Calculation of crack-bridging parameters

Crack-opening displacement solutions for sharp
cracks in linear elastic solids indicate that a traction
free crack under tensile loading has a parabolic
opening profile (dashed line in Fig. 1) given by
(valid in the near-tip regime or when the crack is
small compared to the specimen size) [27]:

Ka (8X\'*
LlTF(X) :E—A’(—T(7> s (1)

where 2u is the crack-opening displacement, X is
the distance behind the crack tip, K is the applied
stress intensity, and E' is the elastic modulus (£ in
plane stress or E/(1 — v?) in plane strain, where v is
Poisson’s ratio).

Under the action of bridging tractions, however,
the net opening profile, u(X), for a crack under an
applied far-field stress intensity, K4, with a bridging

+Note that in the present study specimen geometry effects
on the crack-opening profiles as described by Fett [29—
33] are ignored for simplicity. This is justified by the
close correspondence of the near-tip solution given by
equation (1) and those which correct for specimen geo-
metry effects (Fig. 2). Indeed, the two solutions neven
differ by more than 10% within the range of measured
data.
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Fig. 2. Calculated crack-opening profiles for a traction-
free crack under an applied stress intensity of K =6.22
MPa,/m. The solid line represents the near-field solution
lequation (1)] and ignores specimen geometry. Dashed
lines. however, account for specimen geometry and crack
size [29-33]. Included in the plot are the calculations for
both Case I (¢ = 21.1 mm) and Case Il (¢ = 18.1 mm).
Corrections for specimen geometry are small and do not
exceed ~10%.

traction distribution, p(X). of length L acting across
the crack faces (solid line in Fig. 1) is obtained

from [28]:
sx\* 2 ot
°° = X'
(n) +nE,£p( )in
(2)

where X is the point at which the displacement is
evaluated and X' is the integrated variable where
the stress p acts. (Note that here p is considered
negative when acting to close the crack.)

Equation (2) was used to solve for the traction
distribution function, p(X), at a known applied
stress intensity, Ka=6.22 MPa,/m, and experimen-
tally determine u(X).T As this inverse problem has
an infinite number of solutions for p(X) which
satisfy equation (2) given a known opening profile
and applied far-field load [11], a physically reason-
able form of the p(X) function was chosen a priori
to minimize the number of fit parameters.
Specifically, a softening form of the bridging-stress
function was selected [34]. This form is widely used
to represent bridging tractions in many grain-brid-

VX' + VX

= T-UT

dx’,

Ka
E'

ging ceramics where frictional pullout
dominates [1,2,8-10,26], and is expressed as:
X i
[7(X):Pmux(l'z> » 3)

where the function p(X) describes the bridging stress
distribution as a function of distance behind the
crack tip. X, starting from a maximum value of
P at the crack tip (X = 0), and falling to zero at
the end of the bridging zone (X = L). The maxi-
mum bridging stress is equivalent to the product of
the residual clamping stress acting on a grain, ox,
due to thermal expansion anisotropies and the coef-
ficient of friction, p, i.e. Pyax=pon [2]- The shape
of the decrease is determined by the exponent n.
For example, n = O corresponds to a uniformly dis-
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tributed stress over the entire bridging zone,
whereas n = 1 corresponds to the case of frictional
pullout where the cross-sectional geometry of the
bridging grains does not change during crack
opening [35].

The parameter L was set at the maximum extent
of the data (L = 1.5mm). The combination of »
and P, which minimized the error (sum of
squares) between the data and the calculated profile
[equation (2)] was taken as the best fit. By perform-
ing this procedure on the data from both the near-
instability (Case I) and near-threshold (Case II)
cracks, it was possible to compare the effects of cyc-
lic loading on the magnitude of bridging tractions
in the wake of the crack tip. For all calculations,
values of £ = 400 GPa for the elastic modulus and
v = (.25 for Poisson’s ratio were taken as being
representative of polycrystalline SiC [36].

The distribution function from the near-instabil-
ity case (Case I) was used to determine the brid-
ging-stress—displacement function, p(u) (representing
the variation in bridging tractions with crack-open-
ing displacement) for the ABC-SiC. as it most clo-
sely represented the bridging tractions developed
during monotonic loading.t p(x) can be readily cal-
culated for this case since the best-fit #(X) opening
profile and the p(X) distribution are both known.
[nverting the function u(X) into X(u) allows p(u) to

be determined as:
Xa\”
— . 4
L ) )

[7(1’[) = Pmux(l

The point at which p(u) = 0, i.e. at the end of the
bridging zone, is referred to as the critical crack
opening and denoted by 2uy.

3. RESULTS AND DISCUSSION

3.1. Bridging tractions during near-monotonic loading

The measured crack-opening profile for Case I,
where the crack was grown at ~92% K, (K5 =06.22
MPa/m). is plotted in Fig. 3 as function of dis-
tance X behind the crack tip; the calculated opening
profile for a traction-free crack under the same
loading conditions, urr(X) from equation (1), is
included for comparison (solid line). It is apparent
that the shape of the measured profile is closer to
linear than to parabolic: moreover, its opening is
significantly smaller than that expected for the trac-

+Whereas the bridging distribution function, p(X). is influ-
enced by specimen geometry and crack length, the
bridging-stress—displacement function, p(u). is a ma-
terial property, independent of crack size and specimen
geometry. Indeed the R-curves for various specimen
geometries and flaw sizes can be deduced from a
knowledge of p(x) [29.31] provided the appropriate
weight functions are known for the specific specimen
geometry (these can be found for most common
geoemtries in Refs {29-33]).
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Fig. 3. The crack-opening profile for a crack grown under
cyclic loading at ~92% of the fracture toughness (da/
dN ~ 2 x 107" m/cycle) is plotted as a function of distance
behind the crack tip, X. Included in this plot is the profile
expected for a traction-free crack (solid line) at this
applied stress intensity (K =6.22 MPa\/m), and the pro-
file calculated using the best-fit bridging distribution, p(X).

tion-free crack. Also included in this plot is the
best-fit crack-opening profile determine from
equation (2). The scatter evident in the opening
profile data results from the highly tortuous nature
of the crack path; the fit, therefore, represents aver-
age behavior.

The fitting procedure yielded a maximum brid-
ging stress of Py =100 MPa with » = 1.4, and the
best-fit bridging distribution function, p(X). is
plotted in Fig. 4(a). The best-fit p(X) and u(x) func-
tions were also used to calculate the p(u) function
[equation (4)]. This bridging stress-displacment
function for the ABC-SiC is illustrated in Fig. 4(b),
where the bridging stress is maximum at 100 MPa
and drops to zero after a critical opening, u of
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Fig. 4. The bridging stress distribution function, p(X), is

plotted in (a) for the crack grown at ~2x 107 m/cycle

(Fig. 3). The bridging stress displacement function, p(u),

was calculated using the best-fit crack-opening profile,

w(X), and the best-fit distribution function, p(X), for the
crack, and is plotted in (b).
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790 nm (2us=1.6 um). These values of P, and n
compare well with data for polycrystalline alumina,
where P, has been reported from 40 to 120 MPa
and » and from 1 to 2.5 [5,6,9,11-16]. In addition,
this value of P,,, correlates well to Raman spec-
troscopy measurements of internal residual stress
fluctuations from grain to grain in the ABC-
SiC [37]. Fluctuations as high as ~150 MPa were
observed over a scale consistent with grains or
small clusters of grains [37]. Such stresses, induced
via thermal expansion anisotropy during cooling
from processing temperatures, are known to have a
large effect on bridging behavior [1,2].

As a check on the validity of the bridging trac-
tions determined using these fitting procedures, an
R-curve was calculated from the distribution funec-
tion for the near-instability case (Case I) and com-
pared to experimentally measured behavior under
monotonic loading. The bridging contribution for a
crack that has propagated an amount Aa, Kg(Aa),
was determined from the bridging stress distri-
bution, p(X), via [2]:

172 pAa
Ke(Aa) = (%) POy (5)

o VX

To calculate the R-curve, Aa was varied from
Aa = 0 to Aa = L. With a knowledge of the long-
crack initiation toughness (Kp~5.5 MPa,/m for
ABC-SiC), the resistance curve, Kgr(Aa), can be
determined from:

Kr(Aa) = Ky + Kg(Aa). (6)

Note this again ignores specimen geometry effects,
which, as mentioned previously, are expected to be
small in this case (see Fig. 2).

Using equations (5) and (6)with the best-fit u(X)
and p(X) functions derived above, the R-curve for
ABC-SiC is simulated in Fig. 5 and can be seen to
be in reasonable agreement to that measured exper-
imentally on DC(T) specimens. Indeed, the simu-
lated R-curve is ~86% saturated after the first

'g10 . .'.._
§s 3 ]
% 6 calculated B
X = J
C
ol
%’ 25 h
€ 5 .

0 250 500 750 1000

Crack Extension, Aa (um)

Fig. 5. A simulated R-curve (solid line) is plotted as crack-
growth resistance, Kr, vs crack extension, Aa. This R-
curve was calculated using the best-fit bridging distri-
bution, p(X), where the peak bridging stress, Pp,,=100
MPa and the bridging exponent, # = 1.4. Solid circles rep-
resent the experimentally determined R-curve measured
using a long-crack DC(T) specimen. The calculation was
truncated at the extent of the measured data.

Fig. 6. SEM tmages of crack profiles in ABC-SiC taken
after specimen failure under monotonic load; the opposing
faces were carefully aligned after failure. Notice that the
total pullout distance is typically on the order of several
microns. Arrow indicates direction of crack growth.

600 um of crack extension, despite the fact that L
was set to 1.5 mm. Furthermore. the predicted peak
toughness is 9.2 MPa,/m. compared to the
measured value of 9.1 MPa/m, which gives cre-
dence to the validity of this fit.

These bridging parameters are also consistent
with experimentally observed bridging processes
(Fig. 6). Although pullout distances varied from
grain to grain, SEM observations showed that they
typically ranged from ~1 to 5um. An alternative
measure of the critical crack opening is the point
where the R-curve has achieved 95% of the steady-
state value (this avoids errors due to uncertainties
in the value of L). Using equation (5) and the best-
fit p(X) distribution. 95% of the steady-state K
value is achieved after Aa ~ 880 um. This corre-
sponds to a critical crack opening of 520 nm (i.e.
2up~1 pum), again consistent with SEM observations
of crack profiles in Fig. 6.

3.2. Effect of cyclic loading on bridging tractions

The measured opening-profile (at Kp=06.22
MPa/m) for the crack grown after extensive fati-
gue cycling at a near-threshold growth rate of
~1 x 1071 m/cycle (Case 11) is compared in Fig. 7
with the crack-opening profiles for the traction-free
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Fig. 7. The crack-opening profile for a crack grown under
cyclic load near threshold (da/dN ~ 1 x 107" myeycle) is
plotted in (a) as a function of distance behind the crack
tip. X. Included in this plot is the profile measured for the
near-instability crack grown atda/dN ~2 x 107% mycycle,
as well as the traction-free profile at this applied stress
intensity (Ka =6.22 MPa,/m). These data are replotied in
(b) over the crack-tip region within which most of the
steady-state toughness, K., is developed. The crack grown
at the slower growth rate has on average a larger opening,

indicative of reduced bridging tractions.

~

crack (solid line) and for the near-instability crack,
grown at ~2 x 107" m/cycle. It is apparent that the
near-threshold crack is significantly more open than
the near-instability crack and essentially straddles
the profile for the traction-free crack. This is con-
sistent with a reduction in the magnitude of brid-
ging tractions for a bridging zone that has
experienced several orders of magnitude more load-
ing cycles. The enhanced opening is evident particu-
larly in the near crack-tip region [Fig. 7(b)], where
most of the steady-state toughness is developed (i.e.
within ~600 um of the tip). The best-fit p(X) func-
tion from the near-threshold (Case IT) crack is com-
pared to the near-instability (Case I) crack in Fig. 8.
It is clear that continued cyclic loading acts to
degrade the bridging tractions; moreover, the open-
ing profile of the crack-tip region tends toward that
of a traction-free crack. This has also been observed
previously in Si3Ng [22,23], and is also consistent
with the severe abrasion observed on fatigue frac-
ture surfaces in the ABC-SiC [26].

The magnitude of bridging tractions measured
atda/dN ~ 1 x 107" m/jeycle  and  da/dN ~2x
107® m/cycle (Fig. 8) can be used to simulate exper-
imental cyclic fatigue-crack growth rate data.

-
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Fig. 8. Bridging traction distributions, p(X), calculated for

cracks grown at ~2 x 107 m/cycle and ~1 x 107'% mjcycle.

Notice the significant decrease in the magnitude of brid-

ging tractions for the crack grown at a slower growth rate,
attributed to more wear degradation.

Simulation of corresponding crack-growth behavior
under fatigue loading was based on the notions that
the crack-advance mechanism does not change and
that the influence of the cyclic loads is to progress-
ively degrade crack bridging. This was deemed to
be valid since, unlike metals or intermetallics [38],
the crack-advance mechanism during fatigue-crack
growth in non-transforming ceramics at ambient
temperatures is identical to that occurring under
monotonic loading (i.e. to static fatigue) [18-20].
The simulation procedure is summarized as follows:

e the steady-state shielding terms, Ky, for the brid-
ging zones shown in Fig. 8 were calculated with
Ag = L = 1.5 mm. using equation (5);

e the driving force, K. to maintain this growth
rate, da/dN, was determined by adding this
shielding term, Kg. to the long-crack initiation
toughness, Ky, i.e. K= Ko+ K.

The steady-state shielding values active at a given
growth rate were found to be Kg~5.5 MPa,/m at
1x 107" mjcycle and 3.7 MPaym at 2x 10~ m/
cycle. Adding each of these shielding values to the
long-crack initiation toughness as measured on the
R-curve (Ko~5.5 MPa/m). the total driving force,
Kmax. Tequired to continue fatigue-crack growth at
the given velocity was determined as ~8.0 MPa,/m
at  1x10"mjeycle and ~9.2 MPaym at
2% 107 m/cycle. The predicted variation in da/dN
with the stress-intensity range (A K = Ky./(1 — R))
for ABC-SiC is compared in Fig. 9 with crack-
growth rate data experimentally measured on
DC(T) specimens at R = 0.1 [26]. Using a simpli-
fied form of the Paris law where da/dN =
(A K)", a regression fit of the simulated date yields
values of m = 38, compared to the experimentally
measured value of m = 37. A comparison of pre-
dicted and experimental fatigue results are summar-
ized in Table 1.

The growth rates simulated from the crack-open-
ing profile data can be seen to be in reasonably
close agreement, although marginally underpredict-
ing, the experimentally measured growth rates. The
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Fig. 9. Simulated fatigue crack-growth rates (solid line)

are plotted as crack-growth rate, da/ dN, vs the applied

stress intensity range, A K. The fatigue data were calcu-

lated using the best-fit bridging distributions for the cracks

grown near threshold (Case 1) and near instability (Case

I). Open and closed symbols represent experimental data
from several specimens.

closeness of this fit in addition to the direct quanti-
tative evidence of a cycle-induced degradation in
shielding imply that the essential physics of the cyc-
lic-crack growth process involves the cycle-depen-
dent degradation of the active bridging zone.

4. SUMMARY AND CONCLUSIONS

A study has been made of the mechanisms of
cyclic fatigue-crack propagation in a high-tough-
ness, grain-bridging monolithic ceramic, ABC-SiC,
specifically to examine the bridging stresses as a
function of cyclic loading. In order to investigate
the effect of the number of loading cycles on the
strength of the bridging zone in the wake, cracks
were grown in cyclic fatigue, both at a relatively
high velocity near the K. instability (to simulate
behavior on the R-curve) and 4t a low velocity near
the fatigue threshold (to simulate the cyclically-
loaded crack). Using well-established elastic sol-
utions, the bridging tractions were determined in
each case by in situ measurement of the crack-open-
ing profiles at a fixed applied load in the scanning
electron microscope. Differences between expected
profiles for traction-free cracks and the measured
profiles were then utilized to estimate the traction
distributions. The magnitude of the bridging stres-
ses were shown to correlate very well to:

Table 1. Simulated vs experimental fatigue-crack growth par-
ameters Paris fit parameters

Experimental Simulated
Threshold, A Ktn 6.4 8.0
(MPa/m)
m 37 38
" (m/cycle)
(MPa/m)™ 6.5% 107 32x 107

e simulation of experimentally measured resistance-
curves;

e simulation of experimentally measured fatigue-
crack growth rate behavior;

e SEM observations of grain bridging and the pull-
out process.

These results provide direct, quantitative evidence
that bridging tractions are indeed progressively
diminished due to cyclic loading during fatigue-
crack propagation in a grain-bridging ceramic.
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